The completely unexplored BAs diatomic has been thoroughly studied by high level multireference variational ab initio methods. Potential energy curves for 42 molecular states dissociating to the first four asymptotic channels and covering an energy range of 5.8 eV have been constructed revealing an interesting morphology and a rich spectroscopy. The ground state is of 3 symmetry while its first excited 1 + state lies ∼8 kcal/mol higher. A general feature of the potential curves is the presence of avoided crossings that challenge the validity of the Born Oppenheimer approximation. © 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Boron arsenide (BAs), isovalent to boron nitride (BN) and boron phosphide (BP), is a rather simple diatomic species but at the same time completely unknown from both a theoretical and experimental points of view.
The first study ever on BAs appeared as a short communication in Acta Crystallographica in 1958. 1 It is therein reported that it crystallizes with the cubic zinc blende structure with a lattice constant of 4.777 Å while its unit cell (c-face centered) is characterized by the α = 9.710, b = 4.343, and c = 3.066 Å parameters. It is also stable when heated in the presence of arsenic vapor up to 920
• C while above this temperature it is transformed irreversibly into a tan colored orthorhombic structure.
Since then numerous properties of solid state BAs have been reported 2 but we could not trace even a single work on the diatomic BAs molecule even at the Hartree-Fock (HF) level of theory. On the contrary, there are several detailed studies on both the BN 3 and BP 3(d), 4 diatomics. The ground state of the BN system is of 3 symmetry with its first excited 1 + state lying only a few wavenumbers above; 94.4 cm −1 , 3(c) 183 ± 40 cm −1 , 3(e) and 111.5 or 134.3 cm −1 , 3(h) while the experimental value is 158 ± 36 cm −1 . 5 In both the X 3 and a 1 + states the in situ B atom is in its excited 4 P(2s 1 2p 2 ) state thus the maximum number of bonds between the N( 4 S u ) and B( 4 P g ) atoms are formed, i.e., (1σ , 1 1 2 π ) and (1σ , 2π ) for the X 3 and a 1 + states, respectively. 3(c) BP behaves similarly, i.e., its ground state is of 3 symmetry and its first excited state of 1 + symmetry but their energy gap E(a 1 + ← X 3 ) ≈ 8 kcal/mol 3(d) is much larger than the corresponding one in the BN molecule. Although the adiabatic dissociation limit of the BP a 1 + state [P( 2 D u ) + B( 2 P u )] lies closer to its ground state fragments, P( 4 S u ) + B( 2 P u ), than it happens in the BN case; E N/P ( 2 D u ← 4 S u ) = 2.38/1.41 eV, 6 the internal bond strength of the a 1 + state is weaker in BP than in BN a) kalemos@chem.uoa.gr due perhaps to the different size of the P and N atoms; r 3p P / r 2p N = 1.65. 7 The complete lack of any knowledge on the diatomic BAs molecule prompted the present work with the belief that it will be an impetus for its spectroscopic investigation in the near future. To this end, we have constructed potential energy curves (PEC) for all states originating from the first four asymptotic channels, i.e., B ( 
II. COMPUTATIONAL DETAILS
For the description of both B and As we have employed the Dunning correlation consistent polarized valence quintuple zeta (cc−pV5Z) basis set (14s8p4d3f2g1h/ B 8(a) 26s17p13d3f2g1h/ As 8 (b) ) generally contracted to [6s5p4d3f2g1h/ B 8s7p5d3f2g1h/ As ] comprising a total of 195 spherical gaussian functions. For scalar relativistic calculations the cc−pV5Z−DK basis set has been used that takes into account the contraction scheme suggested by de Jong et al. 8(c) Our reference wavefunction is of the complete active space self consistent field (CASSCF) type and results from the distribution of 6 (2s 2 2p 1 / B + 4p 3 / As ) valence electrons among 7 (2s+2p(3)/ B + 4p(3)/ As ) orbitals. States of the same spin and spatial ( ± ) symmetry originating from the first four asymptotic channels were considered simultaneously in a state average, SACASSCF, optimization procedure. Dynamical correlation was extracted by considering single and double replacements of 8 valence electrons out of all configuration functions (CF) of our zeroth order wavefunction. The MRCI space comprises of 1.4 × 10 6 ( 7 + ) to 1. Figure 1 
III. RESULTS AND DISCUSSION
, and B( 4 P, M L = ±1) showing a σ , a full and a half π bonds. The atomic populations, providing a bonding tendency than a definitive state of affairs, show a rather intense charge transfer of 0.30e − along the π x and π y frames but of opposite directions, thus the total charge on the atomic centers is close to zero. The equilibrium distance is found at r e = 1.869 (1.870) The next three states of 3 symmetry, namely the C, D, and H, although they correlate adiabatically to B( 2 P, M L = ±1,±1,0) + As( 2 D, M L = 0, ∓ 2,±1), respectively, they are characterized by an intense mixing with the B( 4 P) atomic state as evidenced by the Mulliken analysis (vide infra) and the morphology of the PECs (see Fig. 2 ).
The main CASSCF equilibrium configurations and Mulliken atomic populations of the C and D states (5), states are similar, a σ -bond is formed while along the π frame a charge transfer of ∼0.30e
− from As to B takes place with a "back" transfer of ∼0.15e
− from B to As, so the B atom is negatively charged by ∼0.15e
− . 
} at infinity and is expected to be of repulsive character due to the incoming B( 2 P, M L = 0) atom, and indeed this is the case; see Fig. 2 . But an avoided crossing at around 4.4 bohr with the J 3 (19) state originating from B( 2 P, M L = ±1) + As( 2 P, M L = 0) creates a rather shallow minimum at r e = 2.117 Å with D e = 3.1 kcal/mol (see Table I Fig. 2 , the J and N dissociating to B( 2 P, M L = ±1, 0) + As( 2 P, M L = 0, ±1), respectively, and the O arising from the B( 4 P, M L = ±1) + As( 4 S) asymptotic channel. The J 3 (19) state presents a MRCI(+Q) minimum at r e = 2.198(2.178) Å with a D e = 17.6(20.6) kcal/mol due to the above mentioned avoided crossing at ∼4.4 bohr. The PEC of the N 3 (29) state traces a repulsive path up to ∼5.2 bohr due to the unfavorite electronic congestion along the σ -frame,
Its potential minimum is located at r e = 2.356(2.289) Å and presents a barrier of ∼5 (6) mE h at the MRCI(+Q) level of theory, respectively (see Fig. 2 ). The last state to be mentioned is the O 3 (31) one that arises from B( 4 P) + As( 4 S) and it is of vital importance since it transcends all other states of the same symmetry (vide supra). Its potential minimum is exactly on the top of the avoided crossing with the N 3 (29) state at r e = 2.836 Å (see Table I ) and is bound by D e = 13.6 kcal/mol. The first excited state of the BAs system is of 1 + symmetry and lies 8.5(7.7) kcal/mol above the X 3 (1) state as is also the case in the BP system [ E(a 1 + ← X 3 ) = 8 kcal/mol 3(d) ]. It originates from B( 2 P, M L = ±1) + As( 2 D, M L = ∓1) and its asymptotic wavefunction reads All the above can be pictorially represented by the vbL diagram:
It is interesting to notice that the change of electronic character takes place after 4.4 bohr at which distance the a and d 1 + states interact rather intensely; see Fig. 3 . The minimum of the PEC is found at r e = 1.788 Å and the binding energy value is D e = 88.5 kcal/mol, both at the MRCI level of theory. The internal bond strength, i.e., the binding energy with respect to its diabatic end products is D e diabatic = D e adiabatic + E[B( 4 P) + As( 4 S) ← B( 2 P) + As( 2 D)] = 88.5 + 50.1 = 138.6 kcal/mol.
The formation of one σ and two π bonds is accompanied by a charge migration of ∼0.5e
− from B to As along the π -frame and a charge transfer of ∼0.6e
− from As to B via the σ route. Overall the B atom carries an excess of 0.1e − as is also the case in the X 3 (1) state but the dipole moment vector is of opposite direction, i.e., μ ff [a 1 + (2)] = −0.13 D as contrasted to μ ff [X 3 (1)] = 0.07 D (see Table I ). The j 1 + (21) state presents a shallow local minimum at r = 3.058(2.996) Å at the MRCI(+Q) level of theory. Its electronic wavefunction has an intense multiconfiguration character making any prediction about its bonding characteristics difficult. This state would be uninteresting if it did not display an interesting topology (see Fig. 3 σ , π x , π y ) -bonded diradical, pictorially represented by
The last studied state of 1 + symmetry is the n 1 + (28) one dissociating to B( 4 P) + As( 4 S) and is responsible for the excited character of the in situ B atom in the previously discussed states (vide supra). Its PEC has a minimum just on the top of the avoided crossing with j 1 + (21) at r e = 2.49 Å with a strength of D e = 23.7 kcal/mol (see Table I ). Its equilibrium wavefunction 
C. c 1 (5), h 1 (18), and l 1 (25)
The c 1 (5) and h 1 (18) states correlate to B( 2 P, M L = ±1,0) + As( 2 D, M L = ±1, ±2) end products, respectively, so their asymptotic wavefunctions read 
The remaining two 1 states, the h and l, originate from B( 2 P, M L = 0) + As( 2 D, M L = ±2) (but see above) and B( 2 P, M L = ±1) + As( 2 P, M L = ±1), respectively, and are rather uninteresting presenting two and one shallow minima, respectively (see Table I and Fig. 3 ).
D. g 1 − (15), k 1 − (22), and m 1 − (27)
The g and k 1 − states correlate to B( 2 P, M L = ±1,0) + As( 2 D, M L = ∓1,0), respectively, while the m 1 − state correlates to the B( 2 P, M L = ±1) + As( 2 P,M L = ∓1) fragments. The g 1 − (15) state presents a rather shallow minimum at r e = 2.05(2.05) Å with a D e = 3.9(6.7) kcal/mol at the MRCI(+Q) level of theory. It is also interesting to notice the resemblance of the g and h PECs (see Fig. 3 ) mainly due to their same end products 
The m 1 − (27) state and just because of the above mentioned avoided crossing shows a tiny attractive behavior, but it is essentially a continuation of the repulsive nature of the k 1 − (22) PEC.
At this point we should say a few words about the similarities/dissimilarities found in the PECs of the a 1 + (2),
, and l 1 (25) states. All of them share similar end products, i.e.,
but not all PECs display the same features (see Fig. 3 ). The g and h states are slightly bound but the a state is strongly bound although all of them result from a quasi-identical atomic combination. The same also holds for the j (local) (but see above) and l states. The "attractiveness" of the a state even at large distances results from the intense interaction with primarily the d state and secondary with the n 1 + (28) state due to the σ and π bonds that can be formed (vide supra). Due to symmetry reasons this cannot be the case for the g, h, j (local) and l states. There are three states of and one of spatial symmetry arising from the B( 2 P) + As( 2 D) dissociation limit of singlet and triplet spin multiplicity. All four triplet states are bound with respect to their adiabatic end products (see Fig. 2 vs D e (C) = 32.0 kcal/mol. The b state is "localized" on a nicely bonded structure whereas its triplet C state is "dispersed" on at least three structures (vide supra). Fig. 4) arising from B( 2 P, M L = 0) + As( 2 P, M L = ±1). We should notice at this point the close resemblance of this pair of 1 states with the N 3 (29) and O 3 (31) ones (see Fig. 2 ). They have the same asymptotic end products and similar morphology. Their only difference is the lack of a local minimum in the PEC of the singlet analogue of the N 3 (29) state.
F. A 3 − (4) and I 3 − (17)
The A 3 − (4) state results from the ground state fragments B( 2 P, M L = 0) + As( 4 S). The atomic combination mode is such that it facilitates the formation of a σ and two half π bonds. Both the equilibrium CF and Mulliken population analysis The formation of the σ bond is accompanied by a charge migration of ∼ 0.2e − along the σ -frame from B to As while ∼0.3e − are transferred from As to B via the π route. Three more states of 3 − symmetry are issued from
) but as can be seen in Fig. 5 are quite uninteresting. The lowest of them,
As and presents two practically degenerate shallow minima at r = 3.28 and 2.07 Å worthing ∼2.8 kcal/mol (see Table I ). There are in total four quintet states arising from B( 2 P, 4 P) + As (  4 S) Table I ). Table I ). The equilibrium configurations are essentially identical in character to the ones at infinity while the Mulliken atomic distributions, 2s showing two putative bonds, a σ and a π The K 3 (23) state being repulsive due to the Pauli wall between the high spin 4p z 1 -2p z 1 electrons suffers an avoided crossing at ∼5.4 bohr (see Fig. 6 is just a transfer of the asymptotic | 2 P, M L = ±1 B ⊗ | 2 P, M L = ±1 As character at the equilibrium distance r e = 2.492 Å of the K state.
The L state shows an attraction of ∼3 kcal/mol at r e ∼ 2.98 Å just because of its interaction with K.
IV. CONCLUSIONS
We offer for the first time a detailed ab initio study of the diatomic molecule BAs. MRCI/cc−pV5Z potential energy curves have been constructed for 42 2S+1 states dissociating to the first four asymptotic end channels. Thirty three states are either bound or present local minima while the remaining nine states are purely repulsive.
The morphology of the PECs reveals a rich spectroscopy where perturbations due to non-adiabatic effects should be the rule than the exception. Numerous avoided crossings appear on more or less all studied states but the most pronounced ones entail the 1, 3 ( + , ) states arising from B( 4 P) + As( 4 S). The ground state is of 3 symmetry in line with the isovalent diatomics BN and BP. It dissociates adiabatically to the ground state fragments, i.e., B( 2 P) + As( 4 S), while at equilibrium the B atom is found in its excited 4 P state. The binding energy is D e = 65.24(66.3) kcal/mol at r e = 1.869(1.870) Å at the MRCI(+Q) level of theory. Its first excited a 1 + (2) state lies T e = 8.5(7.7) kcal/mol higher and features three full bonds, one σ and two π with a D e = 88.53(88.7) kcal/mol at r e = 1.788(1.788) Å at the MRCI(+Q) level. The second excited state, b 1 (3), quasi-degenerate to a 1 + (2), is the singlet analogue of the X 3 (1) state. The binding mode remains essentially the same but the spin flip elongates the distance by 0.01 Å.
We believe that the present work fills the gap of the theoretical investigation of the diatomics of B with elements of the VA group and we hope that it will initiate an experimental investigation.
